Methylation of DNA and lysine 9 of histone H3 (H3K9) are well-conserved epigenetic marks for transcriptional silencing. Although H3K9 methylation directs DNA methylation in filamentous fungi and plants, this pathway has not been corroborated in mammals. G9a and GLP/EuHMTase1 are two-related mammalian lysine methyltransferases and a G9a/GLP heteromeric complex regulates H3K9 methylation of euchromatin. To elucidate the function of G9a/GLP-mediated H3K9 methylation in the regulation of DNA methylation and transcriptional silencing, we characterized ES cells expressing catalytically inactive mutants of G9a and/or GLP. Interestingly, in ES cells expressing a G9a-mutant/GLP complex that does not rescue global H3K9 methylation, G9a/GLP-target genes remain silent. The CpG sites of the promoter regions of these genes were hypermethylated in such mutant ES cells, but hypomethylated in G9a-or GLP-KO ES cells. Treatment with a DNA methyltransferase inhibitor reactivates these G9a/GLP-target genes in ES cells expressing catalytically inactive G9a/GLP proteins, but not the wild-type proteins. This is the first clear evidence that G9a/GLP suppresses transcription by independently inducing both H3K9 and DNA methylation.
Introduction
Genetic information of eukaryotes is stored as chromatin, which consists of genomic DNA, histones and a wide array of chromosomal proteins. Chromatin templates are subjected to various post-translational modifications to regulate many distinct biological functions (Strahl and Allis, 2000; Margueron et al, 2005) . Among them, methylation of lysine 9 of histone H3 (H3K9) is a well-conserved epigenetic mark for heterochromatin formation and transcriptional silencing (Jenuwein, 2006) . Methylation of H3K9 creates a binding site for the heterochromatin protein 1 (HP1) family molecules (Bannister et al, 2001; Lachner et al, 2001) . Although recruitment of HP1 may be involved in heterochromatin formation, it is not well known how H3K9 methylation directs transcriptional silencing.
Methylation of genomic DNA is another crucial epigenetic mark for transcriptionally silent chromatin (Bird, 2002) . Methylation of CpG sites regulates transcription through recruitment of the methyl CpG binding molecules or suppressing DNA binding of various transcriptional regulators such as CTCF (Wade, 2001) . Furthermore, the hemimethylated CpG binding molecule(s) is important for the maintenance of DNA methylation though replication (Bostick et al, 2007; Sharif et al, 2007) .
It is known that H3K9 methylation directs DNA methylation in filamentous fungi (Tamaru and Selker, 2001 ) and plants (Jackson et al, 2002) . In Neurospora crassa, H3K9 methylation catalysed by HMTase DIM-5 directs all cytosine methylation. Similarly, in Arabidopsis thaliana, HMTase KRY/SUV4 catalyses H3K9 methylation and this epigenetic mark directs CMT3-mediated non-CpG methylation. However, the interplay between these epigentic marks in mammals is not well understood.
G9a and GLP/Eu-HMTase1 are two related mammalian lysine methyltransferases, both of which are crucial for H3K9 methylation (mainly mono-and di-methylation, me1 and 2) of euchromatin (Tachibana et al, 2002 (Tachibana et al, , 2005 . Although G9a and GLP can form a homo-or heteromeric complex through their SET-domain interaction if they are transiently expressed, endogenous G9a and GLP mostly exist as G9a/GLP heteromer (Tachibana et al, 2005) . Genetic analyses revealed that both G9a and GLP are essential for global H3K9me1 and 2 ( (Tachibana et al, 2005) and Supplementary Figure S1 ). These findings indicate that the G9a/GLP heteromeric complex is the only functional form for global H3K9 methylation in vivo, even though recombinant G9a or GLP can independently methylate H3K9 in vitro (Tachibana et al, 2001 (Tachibana et al, , 2005 .
RNA expression microarray analyses revealed that an overlapping set of genes are aberrantly expressed in G9a-and GLP-KO ES cells, indicating that G9a/GLP-mediated H3K9 methylation is involved in transcriptional silencing. Indeed, H3K9 methylation on the promoter region of one such G9a/ GLP-target gene, Mage-a2, is significantly diminished in G9a-and GLP-KO ES cells (Tachibana et al, 2002 (Tachibana et al, , 2005 . Furthermore, some studies suggest a functional interaction between G9a-mediated H3K9 methylation and DNA methylation (Xin et al, 2003; Estève et al, 2006; Feldman et al, 2006; Ikegami et al, 2007) . We have also found that methylation of CpG sites of the Mage-a2 promoter region are regulated by G9a. These sites are hypomethylated in G9a-and GLP-KO ES cells, but hypermethylated in wild-type and transgene-complemented G9a-or GLP-KO ES cells ( Figure 3B ).
To further elucidate how G9a/GLP-mediated H3K9 methylation is crucial for the regulation of transcriptional silencing and DNA methylation, we established several ES cell lines that express only catalytically inactive mutants of G9a or/and GLP.
Results

Establishment of ES cells expressing G9a-mutant/GLP complexes that cannot catalyse H3K9 methylation in vivo
To elucidate whether G9a/GLP-mediated H3K9 methylation is crucial for transcriptional silencing and DNA methylation of target genes, we wished to establish ES cell lines that express only catalytically inactive mutants of G9a or/ and GLP. To establish such ES cell lines, we screened amino-acid substitution or deletion mutants of G9a and GLP SET-domains for their histone methyltransferase (HMTase) activities in vitro. On the basis of the crystal structure of another H3K9 HMTase, DIM-5 (Zhang et al, 2002) , we introduced four different mutations in both G9a and GLP SET-domains ( Figure 1A and B). In vitro methyltransferase assays using recombinant histone H3/H4 and glutathione S-transferase fused to the SET-domains of G9a or GLP showed that each of the G9a and GLP SET-domain mutants were severely impaired for their HMTase activities (o0.1-0.5% catalytic activities of wild-type G9a or GLP SETdomains)( Figure 1C ).
We introduced full-length G9a or GLP mutants harbouring one of these mutations (GM3, 4, 6, 7 and LM3, 4, 6, 7) into G9a-KO or GLP-KO ES cells, respectively (listed in Figure 1D ). Whereas the LM3 or LM6 GLP mutants were poorly expressed (B20% of wt GLP level), the remaining mutants were expressed at levels similar to endogenous G9a or GLP (Supplementary Figure S2) . As G9a/GLP heteromeric formation is essential for H3K9 methyltransferase activities in vivo, we examined the ability of these mutants to form such heteromeric complexes. As shown in Figure 1E and Supplementary Figure S3 , G9a and GLP mutants that possess mutation GM3, GM6 or LM3 do not form heteromers. In contrast, the G9a or GLP mutants GM4, GM7, LM4, LM6 or LM7 do form heteromers with their partner molecules. These findings indicate that the NHXC motifs of G9a and GLP SET-domains are essential for both HMTase activity and complex formation, but these two functions are separable.
We next examined the effects of these mutations on H3K9 methyltransferase activity in vivo (summarized in Figure 1F ). As described previously and shown in Supplementary Figure S4 , global H3K9me2 and me1 are dramatically impaired in G9a-and GLP-KO ES cells and completely restored by stable expression of exogenous wild-type proteins (Tachibana et al, 2002 (Tachibana et al, , 2005 . Among the ES cell lines expressing each G9a or GLP mutant, H3K9 methylation was not recovered in G3, G6 and L3 ES cells, in which mutant G9a or GLP could not form a heteromer (see Figure 1E) , confirming that the formation of the G9a/GLP heteromeric complex is essential for their in vivo H3K9 methylation. Interestingly, while L4 and L7 ES cells, which express GLP mutants LM4 and LM7, respectively, recovered global H3K9me1 and 2, such methylation was not rescued in G4 and G7 ES cells in which G9a mutants containing GM4 and GM7, respectively, were expressed. As shown in Figure 1E , these G9a and GLP mutants did form heteromeric complexes. Therefore, these data suggest that catalytic activity of GLP but not G9a is dispensable for their H3K9 methyltransferase activities in vivo.
Silencing of G9a/GLP-target genes is maintained in ES cells expressing catalytically inactive G9a/GLP complexes Although it is not clear why catalytic activity of GLP is dispensable for H3K9 methylation in vivo, we generated ES cells that express catalytically inactive G9a/GLP heteromeric complexes that do not rescue global H3K9me1 and 2 to elucidate the impact of such mutant complexes on transcriptional silencing. We examined the expression of two of G9a-target genes, Mage-a and Wfdc15a, shown previously to be targets of G9a and GLP. The Mage-a gene, a homologue of one of the cancer-testis antigen genes, is located on the X chromosome (De Plaen et al, 1999) . The Wfdc15a gene is located on mouse chromosome 2 (2 H3). As shown in Figure 2A and B and Supplementary Figure S1 , both genes are reactivated in G9a-or GLP-KO ES cells. Moreover, stable expression of exogenous WT genes in the corresponding KO ES cells reestablished transcriptional silencing of these genes ( Figure 2A , lanes GW and LW). These observations confirm that transcripts of Mage-a and Wfdc15a are negatively regulated by the G9a/GLP heteromeric complex. Neither transcript was suppressed in the newly established ES cell lines G3, G6 and L3, indicating again that the formation of G9a/ GLP heteromeric complex is necessary for their transcriptional silencing function. However, unexpectedly, G9a/GLP complex-mediated gene suppression was maintained in G4 and G7 ES cells that do not rescue global H3K9me1 and 2 (compare Figures 1F and 2B ). To determine whether H3K9 methylation is affected in the promoter region of Mage-a2 and the 5 0 -upstream region of Wfdc15a in these cells, we carried out chromatin immunoprecipitation (ChIP) analysis in GW, G3, G4, G7, L4 and L7 cells ( Figure 2C ). Although H3K9 mono-and di-methylation levels at both loci were depleted in the G4 and G7 lines, to a level similar to that observed for the G3 line, these marks were still present in L4 and L7. Profiles of H3K4me2 on the Mage-a2 promoter in these mutant lines were also examined by ChIP analysis ( Figure 2C , top). Among them, only G3 cells showed increased H3K4me2 levels, consistent with the transcriptional activity of the Mage-a gene. In contrast, the levels of H3K4me2 on the 5 0 -upstream region of Wfdc15a have less correlation with transcriptional competency compared with those of Mage-a2 ( Figure 2C , bottom). Collectively, these data clearly suggest the existence of a new mechanism of G9a/GLP complex-mediated transcriptional silencing, which occurs independent of H3K9 methylation or HMTase activity. Consistent with our findings, treatment of the G9a-specific inhibitor, BIX-01294, only very poorly reactivated G9a-target genes in murine ES cells (Kubicek et al, 2007) .
DNA methylation of the G9a/GLP-target promoter regions is maintained in ES cells expressing catalytically inactive G9a/GLP complexes
We next examined the status of CpG methylation on the promoter and 5 0 -upstream region of G9a/GLP-target genes. We analysed the status of eight CpG sites within the promoter region (0 to À287) and the first CpG site within Figure 3A ) and eleven CpG sites in the 5 0 -upstream of Wfdc15a ( Figure 3C ) by bisulfite sequencing analysis. DNA methylation status of the Mage-a2 promoter region in the ES lines analysed is summarized in Figure 3B . As described above, all nine CpG sites are heavily methylated in WT cells, whereas those of G9a-or GLP-KO cells are hypomethylated. Furthermore, those hypomethylation phenotypes can be rescued by introduction of the exogenous corresponding HMTases (see panels G9a-KO, GLP-KO, GW and LW). Such restoration of DNA methylation was not induced in G3 and L3 cells in which the mutant G9a or GLP does not form a heteromeric complex with endogenous partner. Most importantly, these CpG sites on the Mage-a2 promoter region were significantly methylated in G4 and G7 cells in which both global and specific H3K9 methylation were not restored, but the G9a/GLP-target genes were nevertheless silent. The pattern of DNA methylation in the 5 0 -upstream region of Wfdc15a was similar to that of the Mage-a2 promoter region in the ES lines examined-that is, hypermethylated in WT, GW, LW, G4, L4, G7 and L7 cells, but hypomethylated in G9a-KO, GLP-KO, G3 and L3 ES cells ( Figure 3D and E). Protein amounts of Dnmt1, 3a and 3b were not reduced in G9a-or GLP-KO and several ES cell lines expressing mutant G9a/GLP (Supplementary Figure S2) , suggesting that the DNA hypomethylation phenotype was not induced by an intrinsic reduction of DNA methylation machineries. To summarize, these data strongly suggest that the G9a/GLP complex regulates DNA methylation independent of the HMTase activities of these enzymes. Figure S4) . The values of signal intensities for methylated H3K9 of GW and LW are normalized to 100%, and those of the corresponding KO cells are normalized to 0%. Data represents an average value of the H3K9 recovery of two clones established independently.
Inhibition of DNA methylation reactivates the G9a/GLP-target genes specifically in the ES cells expressing catalytically inactive G9a/GLP complexes
To further elucidate whether the G9a/GLP complex suppresses target genes through the combination of H3K9 and DNA methylation, we cultured ES cells expressing wt or mutant G9a or GLP in the presence of the DNA methyltransferase inhibitor, 5-Aza-2 0 -deoxycytidine (5-Aza-dC) or the histone deacetylase inhibitor, tricostatin-A (TSA). As shown in Figure 4A (and summarized in Figure 4C ), TSA treatment had no or very small effects on transcriptional activation of Mage-a and Wfdc15a genes in the examined ES cell lines, including GW, G3, G4, L4, G7 and L7, although global H3 acetylation was drastically increased ( Figure 4B ). On the other hand, 5
0 Aza-dC treatment significantly reactivated both genes in G4 and G7 cells ( Figure 4A and C) to levels similar to those seen in G9a-or GLP-KO ES cells without 5 0 Aza-dC treatment ( Figure 2A and data not shown). In contrast, these G9a/GLP-negative target genes were still silent or very mildly reactivated in GW, L4 and L7 cells vation in G4 and G7 cells was induced by the reduction of DNA methylation. These serial experiments strongly support that the G9a/GLP heteromeric complex induces both H3K9 and DNA methylation on their target gene loci and that these two epigenetic marks cooperatively suppress their targets transcription.
DNA methylation does not direct H3K9 methylation of the G9a/GLP-target genes
Bisulphite sequencing analysis clearly demonstrated that G9a/GLP-regulated DNA methylation is not directed by their HMTase activities or deposited H3K9 methylation, at least on some target gene loci. However, whether DNA methylation or the DNA methylation machinery directs G9a/GLP-mediated transcriptional silencing or H3K9 methylation remains controversial. In humans, DNA methyltransferase 1 (DNMT1) knockdown in HeLa cells or DNMT1-null HCT116 cells shows a reduction of G9a-mediated H3K9 methylation (Estève et al, 2006) . On the other hand, no clear reduction of global H3K9 methylation was seen in the Dnmt1, 3a, 3b triple mouse KO ES cells . To clarify this issue, we analysed the status of transcription of Mage-a and Wfdc15a genes, DNA methylation and H3K9 methylation of the Mage-a2 promoter and 5 0 -upstream of Wfdc15a in Dnmt-KO ES cells. We utilized Dnmt1-and Dnmt3a þ b double KO (DKO) cells, both of which show a dramatic reduction of DNA methylation (Li et al, 1992; Okano et al, 1999) . As shown in Figure 5A and 5B, Mage-a and Wfdc15a genes were mostly silent or very poorly transcribed in the Dnmt-KO ES cells. However, the CpG sites on the Magea2 promoter region and 5 0 -upstream of Wfdc15a were hypomethylated in both Dnmt1-KO and Dnmt3a þ b-DKO ES cells to levels similar or lower than those of G9a-or GLP-KO ES cells, respectively ( Figure 5C and in comparison with Figure 3B -E). These observations indicate that both Dnmt1 and Dnmt3a þ b are involved in DNA methylation on those G9a/GLP-target gene loci. Importantly, the status of H3K9me2 on the Mage-a2 promoter region and 5 0 -upstream region of Wfdc15a were maintained in both Dnmt1-KO and Dnmt3a þ b-DKO ES cells at levels similar to those of wildtype ES cells ( Figure 5D ). These facts clearly suggest that G9a/GLP-mediated H3K9 methylation at G9a/GLP-target gene loci are not directed by the DNA methyltransferase machinery or deposited DNA methylation. Furthermore, the phenotypes of Dnmts-KO ES cells indicate that G9a/GLPmediated H3K9 methylation can suppress transcription even in the absence of DNA methylation. To identify the de novo DNA methylation enzyme(s) responsible for the regulation of G9a/GLP-target gene loci, we analysed CpG methylation status in several Dnmt3a þ b DKO ES lines that stably expressed exogenous Dnmt3a1, 3a2 or 3b1 ( (Oda et al, 2006) , Figure 6A and B). Methylation of the CpG sites on Mage-a2 and Wfdc15a was significantly recovered in all the rescued Dnmt3a þ b DKO ES cell lines expressing Dnmt3a1, 3a2 or 3b1 (in comparison of Figure 6B with 5C). The relatively poor expression of exogenous Dnmt3b1 may account for the 'partially rescued' phenotype ( Figure 6A ). Collectively, these genetic data suggest that both Dnmt3a and 3b redundantly regulate DNA methylation at G9a/GLP-target loci.
Discussion
In this report, we demonstrate that the G9a/GLP heteromeric complex regulates both H3K9 and DNA methylation and that these two epigenetic marks cooperatively silence transcription. However, these two epigenetic marks are deposited independent of one another (see model- Figure 7) .
How does the G9a/GLP complex regulate DNA methylation at the molecular level? G9a/GLP-target genes were fully reactivated in G4 or G7 cells in the presence of 5 0 Aza-dC, suggesting that induction of DNA methylation on those G9a/ GLP-target genes is directed by the G9a/GLP complex rather than a lack of transcriptional competence. One simple mechanism is that the G9a/GLP heteromeric complex directly recruits the DNA methyltransferase(s)/DNA methyltransferase machinery. Indeed, it has been reported that human G9a interacts with DNMT1 (Estève et al, 2006) and HP1 interacts with DNMT1 (Smallwood et al, 2007) . Furthermore, our proteomics analysis shows that HP1 (mainly HP1g) is in the G9a/GLP complex in mouse ES cells (data not shown). However, we have been unable to detect an association between G9a(/GLP) and Dnmt1 in ES cells (data not shown). The DNA methylation phenotypes of Mage-a2 and Wfdc15a also suggest that the G9a/GLP complex induces de novo DNA methylation. Therefore, G9a/GLP may associate with de novo DNA methyltransferases. Although genetic evidence indicates that the de novo DNA methyltransferases Dnmt3a and 3b are responsible for DNA methylation at the G9a/GLP-target loci ( Figure 6B ), our anti-G9a/GLP or antiDnmt3s co-IP experiments fail to detect clear G9a/GLPDnmt3 s association in ES cells (data not shown). We have also performed ChIP analysis using antibodies against G9a, GLP and Dnmts and confirmed immunoprecipitation of those molecules from the formalin-fixed samples, but so far we are unable to obtain reliable data exhibiting enrichment of G9a/GLP and Dnmts at specific loci including Mage-a2 and Wfdc15a or showing a good correlation between the DNA methylation phenotypes and enrichment of specific Dnmts (data not shown). Targeting of G9a/GLP or Dnmts may be quite transient or enrichment of ChIPed G9a/GLP-or Dnmtsnucleosomes may be too low to show significant data.
How is the G9a/GLP-mediated DNA methylation phenotype relevant to global DNA methylation? Although we do not detect as dramatic reduction of CpG methylation in G9a-KO ES cells as shown in Dnmt1-or Dnmt3a þ b-DKO ES cells (not shown), Dong et al. describe that G9a-KO ES cells show a drastic reduction in DNA methylation of endogenous retroelements, which represent 5-10% of the mammalian genome (Dong et al, 2008) . They also show that G9a-mediated DNA methylation of the retroelements is independent of its catalytic activity, which is consistent with our findings. If G9a/ GLP is required only for de novo DNA methylation, depletion of DNA methylation in the G9a-KO or GLP-KO lines may be minimized by maintenance of methyltransferase activity. To clarify how this G9a/GLP-mediated DNA methylation system is maintained or effective in different types of cells, we examined CpG methylation status of the G9a-target loci in G9a-KO embryos (E9.5). Interestingly, but in contrast to G9a-or GLP-KO ES cells, G9a-KO embryos (E9.5) did not exhibit a DNA hypomethylation phenotype at G9a-target gene loci (Supplementary Figure S6) . As global H3K9 methylation is severely affected in E9.5 G9a-KO embryos in the same way as in G9a-KO ES cells (Tachibana et al, 2002) , these data suggest that the G9a/GLP-independent regulation mechanism(s) also controls CpG methylation of the G9a-taget loci in cells of E9.5 embryos. What is the biological significance of the dual silencing mechanism of G9a/GLP seen in ES cells? Compared with differentiated somatic cells, pluripotent ES cells maintain a chromatin structure that is generally permissive for transcriptional activation including relatively low overall levels of DNA methylation (Kimura et al, 2004; Meshorer and Misteli, 2006) . In this regard, ES cells may effectively utilize the dual methylation system observed here to secure the silencing state of G9a/GLP-target gene loci upon cellular differentiation. Another possible benefit is that such dual silencing mechanism can also stably maintain the silent status throughout differentiation of specific lineage of cells. DNA methylation is quite dynamically regulated during development of specific lineage of cells, such as germ-lineage cells (Reik et al, 2001; Surani, 2001) . During temporal loss of DNA methylation in certain developmental stages, the silent states can be maintained if the G9a/GLP dual silencing mechanism regulates gene transcription (similar to the case of Dnmts-KO in Figure 7 ). This mechanism also applies to the dynamics of H3K9 methylation regulated by HMTases and histone lysine demethylases or other mechanisms (Klose and Zhang, 2007; Shi, 2007) . Lastly, our data suggest that other epigenetic marks also function as one of multiple layers of regulatory mechanisms.
Materials and methods
In vitro HMTase assay
Methyltransferase assays were performed as described previously (Tachibana et al, 2001) . Briefly, 15 ml of reaction mixture containing 1 mg of recombinant H3/H4, 1 mg of recombinant enzymes and 50 nCi of S-adenosyl-[methyl-14C]-L-methionine in methylase activity buffer (50 mM Tris, pH 8.5, 20 mM KCl, 10 mM MgCl 2 , 10 mM b-mercaptoethanol, 250 mM sucrose) was incubated for 120 min at room temperature. The reaction products were separated by 15% SDS-PAGE. Detection of methyl-14C was performed using a BAS-5000 imaging analyser (Fuji Film).
Cell culture
Embryonic stem cells were maintained in Dulbecco's modified Eagle's medium (Sigma) containing 10% Knockout SR (Invitrogen) and 1% fetal calf serum (described as ES medium hereafter). To generate ES cells stably expressing mutant G9a or GLP, the expression vectors designated as pCAG-G9a-L-IRESpuro or pCAG-GLP-IRESbsd were introduced into the corresponding KO ES cells by using Lipofectamine 2000 reagent (Invitrogen). The stable transfectant clones expressing mutant G9a or GLP were selected in the ES medium containing puromycin (1 mg/ml) or blasticidin (10 mg/ml), respectively. For northern blot analysis, ES cells were cultured in the ES medium with tricostatin-A (10 ng/ml) for 24 h or 0.5 mM 5-Aza-2 0 -Deoxycytidine for 96 h.
G9a/GLP complex formation analysis
Serial ES lines were harvested with PBS containing 0.05% trypsin and 0.2 mM EDTA. The cellular pellets were washed once in ice-cold PBS, snap-frozen in liquid nitrogen and stored at À80 1C before analysis. For G9a/GLP interaction analysis, the cellular pellets were lysed with RIPA buffer (PBS containing 1% NP40, 0.5% deoxycholate, 0.1% SDS and protease inhibitor cocktail (Nakalai)). The cellular extracts were prepared by removing unresolved pellets after centrifugation, and then incubated with 2 mg of either anti-G9a (A8620A, Perseus Proteomix) or anti-GLP (B0422, Perseus Proteomix) overnight. The immune complexes were collected with 15 ml of protein G slurry (1:1 ratio, GE Healthcare) for 3 h, washed three times with PBS containing 0.1% NP40 and then separated by SDS-PAGE. Histone modification analysis Histones corresponding to 5 Â10 4 nuclei were purified by acid extraction (Tachibana et al, 2002) , separated by SDS-PAGE, transferred to nitrocellulose membranes, blocked with 5% milk and probed with the specific antibodies against H4 (Millipore, 07-108), H3K9me1 (Millipore, 07-450), H3K9me2 (Millipore, and H3K9me3 (Millipore, .
For ChIP analysis, we slightly modified the previous protocols for native ChIP analysis (O'Neill and Turner, 1995; Gregory et al, 2001) . ES cells (B5 Â10 6 ) suspended in 50 ml of 0.3 M sucrose-containing buffer 1 (60 mM KCl, 15 mM NaCl, 5 mM MgCl 2 , 0.1 mM EGTA, 0.5 mM dithiothreitol, 0.1 mM PMSF, 3.6 ng/ml aprotinin, 15 mM Tris-HCl pH 7.5) were lysed by addition of 50 ml of buffer 1 containing 0.8% NP40 and 0.3 M sucrose and put on ice for 10 min. After addition of 0.8 ml of buffer 1 containing 1.2 M sucrose to the suspension, chromatin fraction was collected as pellets by centrifugation (8500 r.p.m., 10 min). The pellets were resuspended in 200 ml of micrococcal nuclease (MNase) digestion buffer (0.32 M sucrose, 4 mM MgCl 2 , 1 mM CaCl 2 , 0.1 mM PMSF, 50 mM Tris-HCl pH 7.5), incubated at 37 1C for 15 min with MNase (0.3-0.6 U, Takara). Digestion was stopped by addition of EDTA to a final concentration of 20 mM. Approximately 200 ml of the supernatant was obtained by centrifugation (13000 r.p.m., 10 min), combined with 1.8 ml of incubation buffer (50 mM NaCl, 5 mM EDTA, 0.1% NP40, 0.1 mM PMSF, 20 mM Tris-HCl pH 7.5), incubated overnight with antibodies against methylated H3 and then incubated for further 4 h after addition of 15 ml of protein G slurry (1:1 ratio, GE Healthcare). Antibodies used were mouse monoclonal antibodies against H3K9me1 (CMA306), H3K9me2 (ab1220, Abcam) and H3K4me2 (CMA303) (Kimura et al, 2008) . The immune complexes were sequentially washed in 75 mM NaCl-containing buffer A (75 mM NaCl, 10 mM EDTA, 50 mM Tris-HCl pH 7.5), 125 mM NaClcontaining buffer A and 175 mM NaCl-containing buffer A. DNA was obtained by phenol/chloroform extraction following proteinase K treatment (0.1 mg/ml) of the immune complex in digestion buffer (400 mM NaCl, 10 mM EDTA, 0.5% SDS, 20 mM Tris-HCl pH 8.0, 0.1 mg/ml proteinase K) for 60 min at 56 1C, and then analysed by real-time PCR using primers specific for Mage-a2 promoter (Magea2A, 5
0 -TTGGTGGACAGGGAAGCTAGGGGA-3 0 ; Mage-a2B, 5 0 -CGCT CCAGAACAAAATGGCGCAGA-3 0 ), and 5 0 -upstream region of Wfdc15a (AV2P.4, 5 0 -GGATAACCAGCAGGGAAGCTGAGG-3 0 ; AV2P.5, 5 0 -TCTCTAGGTGCCTGAACCTACAGC-3 0 ).
DNA methylation analysis
Bisulphite treatment of the genomic DNA isolated from serial ES lines was carried out with EpiTect bisulfite Kit (Qiagen). Nested PCR was performed to amplify the sequences around the Mage-a2 promoter and 5 0 -upstream region of Wfdc15a. The first-round PCR (35 cycles) and the second-round PCR (20 cycles) were carried out using specific primer sets as follows. For CpG position no. 1-9 of Mage-a2 (see Figure 3A) , Magea2.1bi (5 0 -GGATTTTGAAAGA AATGGTGATTT-3 0 ) and Magea2.2bi (5 0 -AATTCTTACCTCAACTAAC ACAAC-3 0 ) were used for the first-round PCR and Magea2-NesFbi-Bam (5 0 -ATAGGATCCTATATTGGTGGATAGGGAAGTTAGGG-3 0 ) and Magea2-R-bi-RI (5 0 -ATAGAATTCTCAACTAACACAACATAAAAACCT CC-3 0 ) were used for the second-round PCR. For CpG position no. 1-8 of Wfdc15a (see Figure 3C ), SAV-bi.b (5 0 -TTGGTGTTTAGGTAG ATATAGTTAATAAGA-3 0 ) and SAV2bi.d (5 0 -CTTCTTAAAAACTAACA AAACTAATCTAACATTTC-3 0 ) were used for the first-round PCR and SAV-nes-BF-2 (5 0 -ATAGGATCCAAGGAAAATGTATTTATAAATTAA AG-3 0 ) and SAV-nes-RR-3 (5 0 -TATGAATTCAAAACTAATCTAACATTT CCTAATAC-3 0 ) were used for the second-round PCR. For CpG position no. 9-11 of Wfdc15a, AV2bi.1 (5 0 -GGATAATTAGTAGGGA AGTTGAGG-3 0 ) and AV2bi.4 (5 0 -ACCAAACTAACCCTACTAATCCC TA-3 0 ) were used for the first-round PCR and AVbi.1-RI (5 0 -ATAGAAT TCAAGTTGAGGTTATAGGTTAGG-3 0 ) and AV2bi.4-Bam (5 0 -TAAG GATCCAAAACATTATCTTCCTTCCTC-3 0 ) were used for the secondround PCR. The second-round PCR products were subcloned into pBluescript vectors digested with EcoRI and BamHI.
RNA expression analysis
Total RNAs were isolated with Sepasol-RNA I (Nakarai). Three micrograms of them were separated by 1% agarose-formaldehyde gel electrophoresis, transferred to a nylon membrane, and probed with 32 P-labelled cDNAs as follows. The subcloned RT-PCR products corresponding to nucleotides 321-780 of GenBank entry NM_020020 (Mage-a8), 28-475 of AV206552 (Wfdc15a) and 247-1120 of BC083080 (Gapdh) were used as probes. . Genetic analyses indicate that orphan G9a (right) or GLP (left) is both incapable of catalysing H3K9 methylation and recruiting DNA methylation, accompanied with the reactivation of the target genes (see panels of G9a-KO and GLP-KO). Mutant complex incapable of H3K9 methylation, such as GM4/LWTor GM7/LWT, can still suppress transcription via recruiting DNA methyltransferase(s) (see panels of inactive G9a/GLP). This suppression is cancelled by 5 0 Aza-dC treatment. G9a/GLP complex can also suppress transcription even without DNA methylation, solely by depositing H3K9 methylation (see panel of Dnmts-KO).
